Abstract-Wireless sensor networks emerged as a key technology for prolonged, unsupervised monitoring in a wide spectrum of applications, from biological and environmental to civil and military. The sensor networks sbould operate autonomously for a long period of time under stringent resource and energy constraints. Energy consewation and power-awareness have become B focus of a number of research efforts, as sensor network nodes must operate on batteries or use energy extracted from the environment, such as solar energy or vibrations. Runtime power measurements and characterization of real existing systems are crucial for studies that target power optimizations, including techniques for dynamic adaptation based on the current energy status. This paper introduces an environment for unobtrusive real-time power monitoring that could be used for a number of wireless-sensor platforms. We describe our methodology for calibration and validation of the environment and give empirical data for the TeIos wireless sensor platform when it runs a subset of representative applications.
sensor network is deployed dynamic power management techniques can be employed in order to maximize battery lifetime [SI.
Wireless sensor network designers need a toolbox that will allow them to perform fast and accurate assessment of various design alternatives and trade-offs between design parameters, such as performance, total power consumption, reliability, and system lifetime. One approach to this chalbge is to rely on full system simulators; however, they are not readily available, suffer from inaccuracies, and require long simulation time. In addition, designers often need the ability to measure live, running systems, and correlate measured data with overall hardware and software behavior. Power measurements in lab setup often faiI to capture the pattern of power load of sensor nodes after they are deployed in real environments.
In this paper we present an inexpensive environment for unobtrusive power measurements for wireless sensor network platforms and describe its calibration and validation. The setup utilizes a clamp-on current probe rather than a commonly used shunt resistor. We have developed several illustrative TmyOS applications and collected their power traces for the Telos platform [9] that features a recently introduced IEEE 802.15.4-compliant wireless transceiver [lo] and an ultra-Iow power microcontroller MSP430 [l 11. In addition to power optimization and application tuning, the collected power traces can be used as an input for mathematical models designed for fast approximations of overall power consumption, or for initialization and calibration of more precise power simulators for wireless sensor networks, such as PowerTOSSIM [6].
The rest of the paper is organized as follows. Section 2 describes common techniques used for power measurements. Section 3 presents our setup for unobtrusive power measurements and its calibration. Section 4 presents power traces for several characteristic TinyOS applications running on a Telos A wireless sensor platform. Section 5 describes future work and concludes the paper.
II. POWER MEASUREMENTS
Power consumption of a system under test is commonly probe or a shunt resistor [12] . With the first approach we sample the power supply and the output voltage from the current probe, which is typically a linear function of cwent through the clamp (1) . With the second approach we sample the power supply and the voltage at the shunt resistor that is a direct b c t i o n of the current; the total power consumption of the system under test can be calculated as in (2). While measurements with current probes are unobtrusive, shunt resistors interfere with operation of the system under test and are unsuitable when there are large variations of current. t determined in two ways ( Fig. I) : using a clamp-on current
It should be noted that cycle-accurate energy characterization can be done using a recently proposed measurement system based on charge transfer [13]+ However, this approach is rather expensive in time and cost, yet this level of precision is not necessary for determining power profiles. 
IH. SETUP FOR POWER MEASUREMENTS
The block diagram of our environment for run-time p o w a measurements is shown in Fig. 2 . The environment consists of the following subblocks:
The system under test -a wireless sensor platform and an energy source; The data acquisition subblock -a current probe for unobtrusive current measurements, a signal conditioning circuit, and a data acquisition car4
The validation and calibration subblock -a digital multimeter;
The logger laptop computer for data logging. processing, and inspection. The current probe, which is clamped directly around the power supply line, produces an output voltage that is proportional to the current in the line. The current probe sensitivity is 1mV output voltage for 1mA of current. To increase the sensitivity of the current probe we made a solenoid with 10 rings of the power supply line. We selected this solenoid since the expected current is in range 040 mA, and the smallest probe range is 0-4OOmA. The setup is calibrated using a simple circuit with the power supply and a resistor. We measured both the current I~T . and the power supply VmT for a range of resistors with resistances fiom 70 i 2 to 3 K12 using the digital multimeter. The results are shown in Fig. 4 . Though we confmed expected linear dependency, we found that it could be better approximated deviation with the polynomial is 3.26 times less than with the linear function. Current in milliamps is calculated from All current probes are susceptible to noise, The output voltage of the selected current probe with open sotenoid ends is in the range of -7.41 to 7.44 mV, with the mean value of 0.36 mV and standard deviation of 1.55 mV (Fig. 5) . with the sampIing frequency of 100 Ksamples/sec. Spectral analysis of the noise shows distinct frequency components close to 5+1& E, x = 0, 1, 2, 3, 4 (Fig. 6) . We verified whether these components come from aliasing high frequencies, by applying a low-pass RC filter with 50 KHz cut-off fiequency on the current probe output. The spectrum of noise was not changed with this filter. This noise can be reduced with a low-pass RC filter, but at the price of flattening the real signal.
All power traces are collected with a sampling fiequency of 200Ksamples/sec and they are compared to the corresponding traces collected using a shunt resistor. In general, the shunt resistor traces are less susceptible to noise, but the trace collection is not unobtrusive. Power measurements are performed using Telos, a recently introduced wireless sensor platform designed for low-power operation, ease of use, and hardware and sofhvare robustness [9] . Telos is powered by two AA batteries and features a Chipcon 2420 radio in the 2. To demonstrate characteristic behaviors of wireless sensor platforms we have collected power traces for several TinyOS applications [14]. First, we measured C n t T o L e d d n f l ! , which increments an internal counter variable with a 4Hz frequency. On each counter tick, the least significant 3 bits of the counter are displayed on the Telos LEDs and the radio transmits the entire 16-bit counter value. Fig. 7 shows a 10-second power trace for CntTokdsAndRfm. The power trace clearly indicates repeating 2-second sequences, each cycling through the counter sequence 0 -7 and radio transmission. When the buffer is full a message is prepared (26byte payload) and sent over the radio. A power trace of the TeIos A platform when running Testera for 5 s is shown in Fig. 8 . In this trace we can clearly identify smaIl peaks when the MSP430 is waken up to update the Cnt counter; a magnified power trace of 5 ms'is shown in the left box in Fig.   8 . Every lo* counter update involves an RF message transmission; a magnified power trace of 10 ms is shown in the right box (Fig. 8) . The total power consumption is nearly constant around 65 m W and is predominantly determined by power consumed by the radio. The C2420 radio draws 20 mA in the receive mode and 17.4 mA in the transmit mode. The power trace allows us to clearly identi@ diffient phases of the application execution, such as the count up, communication between the MSP430 and the CC2420 over the SPI port, and the very message transmission.
Application TesteraRadiuOnOf/ is built upon Testera and utilizes Split Radio Control interface. This interface allows programmable control over the radio. The radio is turned on only when a radio packet is ready to be sent. When the message buffer is full, instead of an immediate sending of the message, a request for Radioon is initiated. When we receive confirmation that the radio is on and ready to receive a new message, the message is sent. Upon receiving confmation that the message has been sent, the radio is tumed off. A power imce for this application is shown in Fig. 9 . The total power consumption averages around 5 m W with peaks around 9 m W in timer interrupt routines. The left block in Fig. 9 shows a magnified power trace of 5 ms €or the count up event. The right block in Fig. 9 shows a magnified power trace of 40 ms during packet radio transmission. The whole event when the buffer is fill now encompasses several steps that precede radio transmission. It takes approximately 6 ms to start the radio, then the MSP430 sends the message over the SPI, and finally the message is transmitted over the radio. All measurements are repeated with the setup with shunt resistors. We evaluated several configurations with Rs=0.5 Q and Rs=4.8 R. The traces collected on the shunt resistors exhibit the Same trends as the traces coIlected with the current probe. However, the actual values of samples are lower due to presence of the shunt resistor. Fig. 10 shows a power trace for the Testera application taken with k4.8 Q. The primary contributions of this paper are as follows:
We describe an environment for collection and processing of runtime power traces for wireless sensor platforms.
environment. Once verified and calibrated, the setup can be easily used for live measurements of deployed wireless sensor networks, to help fine-tuning and power optimizations. We present runtime total power measurements for the Telos platform and characterize power consumption for several typical operating modes.
This setup can be used for various research efforts targeting energy-efficient sensor networks. In particular, we plan to use it for after-deployment tracing in order to capture sensors behavior in real environments, where temperature, supply voltage, and type of responses are likely to vary significantly in time. The existing set of applications can also be extended with new microbenchmarks that will capture power traces when multiple physical signals are sensed (AD converter), stored locally in the external flash memory, and later transmitted. Various design trade-offs can be evaluated, for example, effects of data compression and encryption. 
